Abstract-The p-Ge terahertz laser with flat external cavity mirrors exhibits intensity modulations at well-defined nonequidistant frequencies in the 8-80-MHz range, resulting from beating of transverse modes. A theoretical description of the mode structure of this cavity is given. Results compare well with experimental data on beat frequencies and far-field beam profiles obtained using a metal mesh out-coupling window. Based on calculations, a cavity with a reduced size back mirror is proposed to suppress higher order transverse modes. Experiments prove that a reduction of the mirror to about 70% of the end-face surface leads to an effective suppression of the intensity modulations. Such a cavity exhibits a strongly improved pulse-to-pulse stability of the output and a much better shape of the micro pulse train under mode-locked operation.
I. INTRODUCTION
T HE action of the p-Ge laser is based on the population inversion between the light-and heavy-hole subbands, created in crossed electricand magneticfields. It provides terahertz emission in the 70-200-m wavelength range [1] . The laser operates at temperatures below about 20 K. The large heating by the high voltage excitation necessitates short pulsed (few micrometers) operation. The cryogenic cooling and the high index of refraction of germanium force the use of very simple cavities in case the broad-band nature of the laser emission has to be retained. Commonly, the two mirrors of the cavity are simply pressed against the end faces of the laser crystal to avoid etalon effects. For coupling radiation out of the cavity, either one mirror contains a small central hole (hole output coupling) or one mirror is smaller than the crystal end face, and light "leaks" out alongside its edges (edge output coupling). We have found that, in order to achieve maximum output power and a good beam profile, the use of a metal mesh-covering the total end face-as an output coupler is preferable [2] . Although it imposes some restrictions on the emission bandwidth, in this case emission across the total end face occurs, enabling the observation of the optical-field distribution in the cavity. An unexpected drawback is found to be the presence of strong fluctuations in the output power, with characteristic frequencies in the 8-80 MHz range. These appear to originate from E. E. Orlova is with the Institute for Physics of Microstructures, Russian Academy of Science, Nizhny Novgorod 603600, Russia.
Publisher Item Identifier S 0018-9197(02)02947-0. beating of transverse modes in the cavity. Far-field beam profile measurements confirm the presence of higher order modes in our cavity. With hole-or edge-output coupling, this effect is much less because, due to the special geometry, a number of transverse modes are not supported in the cavity and/or are nearly not ouput coupled. The aim of this work is to give a concise theoretical description of the observed beat frequencies and measured far-field beam profiles. Based on that knowledge, calculations will be given to show that the higher order modes can be suppressed by employing a back mirror of reduced size. Finally, the experimental results on pulse shapes, beam profiles, and micro pulse trains under mode-locked operation, employing this transverse mode suppression, will be presented and discussed.
II. MODE BEATING
The Ga-doped Ge laser crystal under investigation has the shape of a rectangular parallelepiped with mm mm mm, respectively. The capacitive mesh mirror with a 25-m period and a plain reflective mirror are pressed against the 5 7 crystal end faces. The facets are completely covered by the electrical contacts for the uniform electrical excitation field . The magnetic field is perpendicular to both and the long axis of the crystal. At the facets, near the mesh out coupler, the 1 10-mm electrodes for active mode locking are placed [3] - [5] . A z-cut quartz window in the tail of the cryostat enables the observation of the emitted radiation at room temperature. The time-resolved optical output is registered using a very fast room temperature GaAs-AlGaAs heterostructure detector [6] .
To illustrate the impact of the transverse mode-beating effects, in Figs. 1-3 are shown for a cavity with a 5 7 mm back mirror. In Fig. 1 , the laser pulse for T ( m) is shown. Besides strong modulations at the cavity roundtrip frequency (770 MHz), due to self mode locking, Fourier components at about 10 and 50 MHz are present. In Fig. 2 , a typical pulse shape for T ( -m) is shown, exhibiting modulations at frequencies of 6, 11, 31, 40, 61, 69, 73, and 770 MHz. Fig. 3 shows the micro pulse train under mode locking conditions. The steadily increasing intensity of the micro pulses, separated by the 1.3-ns cavity roundtrip time, is also strongly modulated due to transverse mode-beating. To obtain additional information concerning the transverse modes present, far-field beam patterns were measured with a -mm pyroelectric detector (with video bandwidth kHz), mounted on a step-motor driven -stage.
The far-field intensity contours for various values of are given in Fig. 4 . as a function of and , where z is the axial distance from the laser crystal and and . The and scales represent the far-field divergence angles of the laser beam.
Diffraction causes the beam profile to be elongated along the -direction because . In a low field, the beam pattern vaguely shows two intensity maxima with a small separation. Toward higher fields, the two-fold structure becomes more easily distinguishable and exhibits a larger separation. At still larger fields, a four-fold splitting appears. Clearly, these beam profiles indicate the presence of higher order transverse modes and the mode structure depends on field strength. The last profile in Fig. 4 is taken in the near field, 10 cm from the laser crystal. The rectangular intensity maximum parallel to the circumference of the crystal end face convincingly proves that the optical field distribution is governed by wave-guide modes rather than by Gaussian modes.
III. MODE STRUCTURE OF RESONATOR WITH LARGE BACK MIRROR

A. Theory
The mode structure of the p-Ge laser has been investigated by several authors [7] - [11] . Transverse modes due to total internal reflection within the laser crystal [8] , [10] as well as Gaussian modes similar to that of an open quasioptic resonator [7] , [11] have been considered. The latter only occur when external mirrors are applied to the crystal faces. Both models imply an equidistant frequency spectrum of the transverse modes. The structure of the optical field in a p-Ge laser with an external spherical mirror has been calculated using quasioptical methods, not taking into account the influence of the crystal boundaries [11] . These boundaries, however, do influence the field structure in a resonator with flat external mirrors, as used in the present investigations. The field in the present resonator is described by Maxwell's equations for a dielectric medium with boundary conditions for the facets (ideally conducting surfaces) and and continuous across the facets. We do not account for a possible influence of the active medium on the field distribution.
The field distribution for electric and magnetic waves is given by the electric and magnetic Hertz vectors parallel to z the axis with the complex amplitudes and :
From boundary conditions on the metallic surfaces and on the mirrors, we obtain the conditions . The dielectric boundary conditions lead to , where for even parity waves and for odd parity waves, . For can be approximated by , with a relative error . Here, for electric waves and and for magnetic waves. (It should be noted that the mode of the metallic waveguide does not fulfill the conditions of the dielectric boundary of the actual resonator.) For , the mode frequencies are given by (2) with and Here, and are the free-space wavelength and velocity of light, respectively. Longitudinal modes are separated by the roundtrip frequency. The dependence of the frequency differences for the first few transverse modes on the free-space wavelength is presented in Fig. 5 . The distribution of the optical field in the Fraunhofer region (Fresnel numbers ) for the lower order transverse modes is obtained using Fresnel integrals, assuming that the field amplitude changes much faster in the transverse direction than in the longitudinal direction and . The field on the crystal facet resulting from each mode is a superposition of two (for modes) or four travelling waves with . The influence of the mesh period on the distribution of the field at the facet is not taken into account, since its period is much less than the radiation wavelength. The far-field distribution for the modes is then given by (3), shown at the bottom of the next page, where and The two/four traveling waves of each mode lead to two/four intensity maximums in the far-field region, shifted from the lon- gitudinal axis by , corresponding to the zero phase difference for the radiation coming from the different parts of the sample facet. The widths of the maxima are . Because the finite width of the maxima is independent of mode number, the lowest order mode does not show an observable splitting of the maxima.
As the far-field intensity distribution is the sum of the intensities of the fields produced by the different modes present, the maximum beam divergence is determined by the highest order transverse mode present
B. Comparison With Experiment
Using the data depicted in Fig. 5 , one may try to identify the experimentally observed beat frequencies. For the low-field case-T and m-the frequency differences between the (1, 1) mode and the (1, 0) and (2, 1) modes, respectively, may be attributed to the 10-and 50-MHz beats.
In high fields-T and m-the situation is more difficult as laser excitation occurs simultaneously over a broad wavelength range [2] , [6] . For a proper identification, combined data on frequencies and emission wavelength are needed. However, a few frequencies seem to be evident: -MHz, -MHz, and -MHz. In the high field case, the number of transverse modes is larger than at low fields. It is noted that the observed beat frequencies do not form an equidistant spectrum, which proves that the Gaussian mode structure proposed in [7] for the p-Ge laser with flat mirrors is incorrect.
Using the results on the mode dependent beam divergence, it is estimated that the experimentally observed low field values for the beam divergence, and , correspond to transverse modes up to and . The relatively large intensity in the beam center indicates that the lower order modes are quite dominant. In the high field region, the observed divergences and correspond to and . The clear intensity minimum in the center of the beam suggests that, contrary to the low field case, the lower order modes must exhibit a small intensity.
The experimental beam profiles in Fig. 4 can now be compared with the theoretical far-field distribution for the most intense modes. For the low field situation the profile calculated for a mixture of the (1, 0) and the (1, 1) modes (Fig. 4(a) ) has a clear resemblance with Fig. 4(a) ' concerning the position of the maxima. The experimental beam profile exhibits a larger transverse extension due to the presence of higher order transverse modes. The dominant intensity of low-order modes, deduced from the other experimental data, appears to be confirmed. In Fig. 4(b) , the shape of the (2, 0) mode with the two intensity maxima is given, that compares well with the experimental shape in Fig. 4(b) ' for intermediate field strength. Finally, the (2, 2) mode pattern in Fig. 4(c) exhibits the four-fold maximum structure resembling the pattern in Fig. 4(c) '.
Thus the observed far-field profiles can be attributed to combinations of wave guide modes. To explain the actual distribution of the intensity between the modes and the asymmetry of the observed beam patterns, the influence of the gain distribution in the active medium on the radiation field structure should be taken into account.
IV. MODE STRUCTURE OF RESONATOR WITH SMALL BACK MIRROR
A. Theory
To reduce the instability of the laser output due to mode beating, and improve the beam quality, we have investigated the possibility of increasing the losses for the higher order transverse modes by reducing the size of the back mirror. Due to cross-relaxation processes, the suppression of modes in the p-Ge laser leads to the redistribution of spectral power density to other-high quality-modes [9] . The total radiation intensity need not be reduced much with the increase of losses for some of the transverse modes, provided that the losses for axial modes are not changed substantially.
Diffraction by the edges of the reduced mirror strongly influences the mode structure of the resonator. If the mirror is substantially smaller than the size of the crystal end face, the mirror dimensions determine the characteristic transverse dimension of the radiation field. Then the effect of the crystal boundaries may be neglected and the open resonator model can be used for the analysis of the mode (3) structure. The edges of the large mesh output-coupling mirror only slightly influence the field distribution; this mirror can, thus, be regarded as infinite. According to Huygens' principle, the transverse distribution of the field in such a resonator is the same as in a resonator with double the length, and terminated by two mirrors of size . Vainstein [12] has given an approximate analytical solution for the open resonator problem. Provided that and , and , the field distribution at the mirror can be approximated by (4) where and are given by
( for ' ' and for '-' in the corresponding parts of (4)).
are the and components of the electric field for the and modes, respectively. To justify the use of this approximation for the present cavity, the field intensity at the position of the crystal boundaries has been calculated using the Fresnel integral method. It is found that for the lower order modes (1, 1) and (1, 2) , the intensities at the crystal boundaries are below 4% of the maximum for . Frequencies of the modes are obtained from (2) using the values of and from (5) . The dependence of the frequency differences on the relative mirror size for some lower order modes, for m, are shown in Fig. 6 . The diffraction losses in the resonator, determined by the imaginary part of the frequency, are presented in Fig. 7 . As the small-signal gain for this laser is of the order of 0.01 cm , for a mirror size in the range the lowest order mode (1, 1) is expected to exhibit a positive gain, whereas the higher modes will have a negative gain value. The far-field pattern of the open resonator modes is (6) where
B. Comparison With Experiment
For the experimental verification, a 4.2 5.8-mm back mirror has been chosen, i.e.,
. At low fields, only a very weak mode beating-rather late in the pulse-is observed (see Fig. 8 ). The beat frequency of 54 MHz is close to that of the calculated difference between the (1, 2) and (1, 1) modes, as shown in Fig. 6 . The pulse to pulse stability has improved considerably compared to that with a large back mirror. The delay between start of the electrical excitation pulse and start of observable laser action has increased slightly, indicating some decrease of the small-signal gain. In Fig. 9(a ) , the experimental far-field beam pattern is seen to show a close agreement with the calculated one in Fig. 9(a) for the (1, 1) mode. In general, very strong self-mode locking is observed. Also, under active mode-locking conditions, the stability has improved as can be seen from the very regular pulse train in Fig. 10 . It is evident that the use of a smaller mirror results in a very efficient suppression of the higher order cavity modes.
In the high field region, a reduction of the number of beat frequencies is observed, using an intermediate mirror size (4.5 6.5 mm ). However, with the 4.2 5.8 mm back mirror, no laser action occurs at all, even though earlier experiments showed that, with a large back mirror, the small-signal gain in high fields is larger than in low fields. The reason for the absence of high field stimulated emission with a small mirror must be directly related to the different mode structure observed for the two field regions. Whereas in low fields, the (1, 1) mode is dominant, in high fields, the higher order modes are dominant; possibly the (1, 1) mode is totally absent. With a strong reduction of the size of the back mirror and the subsequent destruction of the gain of higher order transverse modes, apparently no mode with positive gain remains.
To get insight into the origin of this magnetic field dependent mode structure, we performed additional experiments on a Ge:Cu sample of equal size, with and , also in the Voigt configuration and with mode-locking electrodes [13] . For that laser crystal, which appears to exhibit a smaller gain in fields up to 1.3 T, the far-field beam profile is simply elliptically shaped, with the long axis parallel to the shorter crystal end face. Only one central intensity maximum is present. The occurrence of the curious high-field mode pattern in the first sample seems, therefore, not to be an intrinsic property of the p-Ge laser, related to field strength and/or wavelength. This change of the mode intensity distribution with field is, thus, probably related to the influence of the properties of the active medium on the radiation distribution in the crystal. Such phenomena have not been investigated so far.
V. CONCLUSION
The transverse mode structure of the p-Ge terahertz laser with a cavity consisting of a large back mirror and a metal mesh output-coupling mirror has been studied. The experimental results on beat frequencies and far-field beam profiles are well described by a simple model for transverse waveguide modes.
Decreasing the size of the back mirror leads to an effective suppression of higher order modes, resulting in much better pulse shapes and pulse trains under mode locking conditions. The theoretical description for this case closely fits the experimental data.
The peculiar field dependence of the mode structure found in this specific laser crystal is not yet understood.
